The current formulation of the candidate ceramic for plutonium immobilization consists primarily of pyrochlore, with smaller amounts of hafnium-zirconolite, rutile, and brannerite or perovskite. At a plutonium loading of 10.5 weight %, this ceramic would be made metamict (amorphous) by radiation damage resulting from alpha decay in a time much less than 10,000 years, the actual time depending on the repository temperature as a function of time.
The current formulation of the candidate ceramic for plutonium immobilization consists primarily of pyrochlore, with smaller amounts of hafnium-zirconolite, rutile, and brannerite or perovskite. At a plutonium loading of 10.5 weight %, this ceramic would be made metamict (amorphous) by radiation damage resulting from alpha decay in a time much less than 10,000 years, the actual time depending on the repository temperature as a function of time.
Based on previous experimental radiation damage work by others, it seems clear that this process would also result in a bulk volume increase (swelling) of about 6% for ceramic that was mechanically unconfined. For the candidate ceramic, which is made by cold pressing and sintering and has porosity amounting to somewhat more than this amount, it seems likely that this swelling would be accommodated by filling in the porosity, if the material were tightly confined mechanically by the waste package.
Some ceramics have been observed to undergo microcracking as a result of radiation-induced anisotropic or differential swelling. It is unlikely that the candidate ceramic will microcrack extensively, for three reasons: (1) its phase composition is dominated by a single matrix mineral phase, pyrochlore, which has a cubic crystal structure and is thus not subject to anisotropic swelling; (2) the proportion of minor phases is small, minimizing potential cracking due to differential swelling; and (3) there is some flexibility in sintering process parameters that will allow limitation of the grain size, which can further limit stresses resulting from either cause.
The metamictization process will convert the original, ordered titanium-oxygen polyhedral framework of the ceramic to an aperiodic, random network of corner-sharing polyhedra in which the titanium has a slightly lower average coordination number. When water in the repository eventually contacts the metamict ceramic, there will likely be leaching of a small amount of non-network ions (Ca, U, Gd, and Pu, in the order of decreasing expected release) from a thin layer at the surface, based on studies by others on natural actinide-containing mineral analogs. The titanium-oxygen network in this thin surface layer will be transformed to anatase, and the long-term release behavior of the ceramic will likely then be governed by the behavior of this layer. In the mid-pH range, titanium oxide is known to be very insoluble in water. For example, the rutile form of titanium oxide has a measured solubility in water at room temperature between pH9 and pH10 of 1 0 -9 molal .
Very limited experimental data by others suggests that the process of metamictization may increase the release rate of plutonium from the ceramic in contact with water by a factor of one to one and one-half orders of magnitude.
Another reference point for long-term behavior is the observed condition of samples of uranium-and thorium-containing, high-titanium natural pyrochlores, which have been rendered metamict and have achieved measured ages up to a billion years. These samples are found to have substantially retained their actinides, despite their great ages. This is consistent with the low solubility of titanium oxide.
Introduction
One of the two candidate materials under development for the immobilization of excess U.S. weapons-grade plutonium is a titanate ceramic (The other is a lanthanide borosilicate glass). It is desirable that any immobilization form be able to retain the plutonium, as well as its uranium decay product and the designed-in neutron absorbers, for very long times under conditions expected in geologic disposal. This is important both to prevent nuclear criticality and to prevent release of plutonium to the environment in order to maintain radiological safety.
Because an immobilization form will contain a fairly high loading of plutonium to minimize costs, and because the dominant isotope in weapons-grade plutonium undergoes alpha decay with a half-life of 24,100 years, the form will be subject to a high rate and a high total amount of radiation damage as a result of internal alpha decay. It is important that the immobilization form maintain its capability to sequester the plutonium, its uranium decay product, and the neutron absorbers over long periods of time in the presence of this radiation damage. The most important properties in this regard are the dissolution rates of the matrix material and the leach rates of the individual elements of interest when the form is exposed to aqueous solutions.
Two approaches have been used in the past to assess the effects of radiation on ceramic nuclear waste forms: short-duration simulation experiments using actinide doping or external radiation sources ( VAN KONYNENBURG, 1983) , and comparison to natural mineral analogs that have successfully contained uranium and/or thorium undergoing natural radioactive decay over geologic time periods (OVERSBY, 1981; SINCLAIR, 1981; LUMPKIN, 1995) . While simulation experiments have been planned for the future on the titanate ceramic candidate immobilization form for plutonium, they have not yet been carried out, and programmatic decisions must be made before the results of this work will be available. Fortunately there is a body of relevant experiments reported in the literature, as well as observations on relevant natural minerals, from which a great deal has been learned that is directly applicable to the plutonium immobilization problem.
This report has been written to provide a projection of radiation effects in the candidate ceramic on the basis of this past work. The plutonium immobilization ceramic is described first. Then a discussion of alpha decay and its effects on ceramics in general are presented. Next are sections on radiation damage experiments and natural mineral analogs. These are followed by brief reviews of the work on the individual mineral phases. Finally, these data are used to project radiation effects in the plutonium immobilization ceramic.
Description of Plutonium Immobilization Ceramic
Although minor changes in formulation may yet be made, the current version of the plutonium immobilization ceramic consists primarily of the mineral phase pyrochlore with smaller amounts of hafnium-zirconolite, brannerite or perovskite, and rutile. Some developmental samples have contained small amounts of plutonium oxide, but further refinement of the formulation and processing conditions will probably eliminate this phase. Therefore, its radiation damage behavior is only touched upon briefly in this report.
The pyrochlore phase in the ceramic corresponds to the group of natural minerals of the same name, which have a cubic crystal structure and the generalized formula A 2 VIII B 2 VI X 7 IV , where A and B are cations, X are anions, and the Roman numerals indicate the coordination numbers of the ions . In the version of pyrochlore used in the candidate Pu immobilization ceramic, the A site is occupied by Ca, U, Gd, Hf, and Pu, while the B site is occupied primarily by Ti. Oxygen is the only anion. This pyrochlore composition is somewhat similar to but more complex than CaUTi 2 O 7 (DICKSON, 1989) , which was used in Synroc-F (KESSON, 1983) and Synroc-FA (SOLOMAH, 1987) .
The zirconolite phase in the ceramic corresponds to the natural mineral of the same name, which exists as several polytypoids (BAYLISS, 1989) . The aristotype (simplest structure from which the others can be derived) of natural zirconolite is zirconolite-2M, which has a monoclinic structure and a general end-member formula Ca 2 VIII Zr 2 VII Ti 3 VI Ti V O 14, which is usually abbreviated as CaZrTi 2 O 7 . Incorporation of actinides into zirconolite has been described by Vance et al. (VANCE, 1994) . In the candidate plutonium-immobilization ceramic, Zr is completely replaced, and its site is shared by Hf, U, Pu, and Gd. An equal amount of Gd is also found in the Ca site, thus achieving charge balance. When impurity Al or Ga are present, they can be accommodated in the Ti site to balance Gd in the Ca site.
Brannerite has the formula UTi 2 O 6 and a monoclinic structure (PABST, 1954; PATCHETT, 1960; LEJUS, 1966) . It is capable of incorporating Pu, Hf, and Gd.
A small amount of rutile (Ti VI O 2, tetragonal ) is designed to be present in the ceramic, in order to guarantee Ti-rich conditions during reactive sintering. This avoids Ca-rich conditions, which could lead to less durable minor phases. Hf substitutes for some of the Ti in the rutile.
Perovskite (Ca XII Ti VI O 3 , orthorhombic), when present, can incorporate rare earths and actinides (RINGWOOD, 1988) .
As noted, some developmental samples have contained plutonium oxide (Pu VIII O 2 IV , cubic), although further refinement of the formulation and processing conditions is expected to eliminate this phase. Other minor phases may be present, depending on impurities in the plutonium feed streams, but they are not expected to contain significant quantities of Pu.
The target overall composition of the plutonium host phase(s) at present (without impurities) is (Ca 0.89 Gd 0.11 )(U 0.44 Hf 0.23 Pu 0.22 Gd 0.11 )Ti 2 O 7 . This formulation includes 10.5 weight % plutonium, and twice as much uranium as plutonium. Hafnium and gadolinium are present in molar amounts equal to that of plutonium to serve as neutron absorbers, and the uranium, principally 238 U, serves as a diluent for the fissile 235 U that will be produced by decay of 239 Pu, thus lowering its effective enrichment.
The ceramic is fabricated by cold pressing and sintering rather than by hot pressing in order to reduce cost and maximize process reliability and safety. This process results in a product density of 90% or more of the theoretical maximum density of 6.1 g/cm 3 . (Although porosity is generally considered to be undesirable in a ceramic intended for structural use, it may be advantageous in this application because the residual porosity may accommodate radiation-induced swelling, which will be discussed further below). The grain size is typically one to a few micrometers, depending on sintering time and temperature.
Plutonium Alpha Decay
Weapons-grade plutonium typically has approximately the following isotopic make-up after its initial production (half-lives are taken from GENERAL ELECTRIC, 1996) All the plutonium isotopes except 241 Pu decay by alpha emission, each decay producing a helium atom (after capture of two electrons) and a long-lived uranium atom having four fewer atomic mass units than its respective parent plutonium isotope. 241 Pu undergoes beta decay to produce 241 Am. The 241 Am in turn alpha decays, producing a helium atom and a long-lived 237 Np atom. The cumulative numbers of alpha decays per plutonium atom in a sample of plutonium with this isotopic composition as a function of time can be calculated from the half-lives, and are as shown in the following table. Also shown are the calculated cumulative numbers of alpha decays per gram of ceramic for a ceramic with a 10.5 weight % loading of plutonium having this isotopic composition.
Time (years)
Alpha Decays per Pu Atom Alpha Decays per Gram 1 0 3.66 x 10 -4 9.6 x 10 1 6 5 0 1.97 x 10 -3 5.2 x 10 1 7 1 0 0 4.23 x 10 -3 1.1 x 10 1 8 1,000 3.70 x 10 -2 9.7 x 10 1 8 10 4 0.275 7.2 x 10 1 9 10 5 0.945 2.5 x 10 2 0 10 6 1.00 2.6 x 10 2 0
Each alpha decay emits an alpha particle in a random direction and a recoiling heavy nucleus in the opposite direction, thus conserving momentum. The average alpha particle energy for this isotopic mix is 5.2 MeV, and the average recoil nucleus energy is 87 keV. These are calculated from data given in LEDERER, 1978. The alpha particles have a range of about 10 micrometers (KRANE, 1988) , and the recoil nuclei about 50 nanometers ( VAN KONYNENBURG, 1983 ).
Effects of Internal Alpha Decay on Ceramics
The alpha particles lose energy primarily by ionization and excitation of electrons because of their high initial velocities relative to those of the orbital electrons, but near the end of their ranges some of their energy goes into elastic collisions with nuclei in the ceramic, causing the breaking of bonds and displacement of atoms from their lattice sites. Each alpha particle produces about 120 atomic displacements ( VAN KONYNENBURG, 1983) . Each displacement constitutes a Frenkel pair, consisting of one interstitial atom and one vacancy. Each recoil nucleus loses energy primarily by atomic collisions, and displaces about 980 atoms from their lattice sites ( VAN KONYNENBURG, 1983) . These displacements are concentrated along the tracks of the recoil nuclei. (Some authors quote higher numbers of displacements, depending on the values of parameters used in the calculation, but the ratio of the number of displacements for recoil nuclei to those for alpha particles is still generally estimated as about one order of magnitude.) Atomic displacements resulting from beta decay of Pu-241 are negligible in number in comparison to those produced by alpha decay of the other isotopes because of the large mass mismatch between the beta particles and the atoms in the ceramic and because much of the Pu-241 will have decayed to Am-241 at the time the ceramic is fabricated.
If a ceramic is an electrical insulator (as is true for the titanates), many of the ionized electrons are trapped in non-equilibrium states, forming electron-hole pairs. However, since titanates have not been found to be subject to displacement of atoms as a result of ionization (a process called radiolysis or ionization damage), the ionization does not have a significant effect on the structure of the ceramic. (Note that some other insulating solids, in particular the alkali halides, quartz, and some silicates, exhibit radiolysis damage, which produces chemical decomposition, in some cases at fairly low doses (HOBBS, 1994) ).
In addition to producing atomic displacements, the alpha decay process transmutes all the plutonium nuclei to long-lived uranium nuclei (except for 241Pu, which is transmuted to neptunium, as discussed earlier), and these are probably injected initially mostly into interstitial positions in the crystal lattice, because of their high recoil energy. Each alpha decay also injects a helium atom into the ceramic, which has very low solubility, and is usually trapped in a vacant lattice site, a lower energy configuration than in an interstitial site. Unless the temperature is raised to a significant fraction of the absolute melting point, the helium remains trapped and does not agglomerate into large bubbles.
If the grain size of the ceramic is large compared to the range of the recoil nuclei, as is true in the present case (one to a few micrometers, as compared with tens of nanometers), the rate of atomic displacement in each grain will be essentially proportional to the concentration of plutonium in that grain. In the case of a ceramic having more than one phase, each having a different Pu concentration, as is true of the Pu immobilization ceramic, this means that the rate of atomic displacements will be different for each phase.
Once a damage track has formed in a crystalline ceramic as a result of the passage of a recoil nucleus from alpha decay, the displaced atoms are subject to solid state diffusion, which will tend to anneal the damage and restore the crystal structure. The degree to which this occurs in a given case depends on temperature and time, as with any Arrhenius diffusive process. In addition, the nature of the original crystal structure is also important. The more topologically complex the structure, and the larger the number of distinguishable cation sites it contains, the smaller the recovery that will occur under a given time-temperature scenario.
For cases in which the damage anneals slowly relative to the rate of production of additional damage, new damage tracks may overlap existing ones, eventually leading to metamictization (amorphization of the crystal structure) , as observed by x-ray diffraction, transmission electron microscopy, XAFS and XANES. In such cases, an expansion of the crystal lattice is observed in the early stages of the process, while most of the material still remains crystalline. At higher degrees of damage the crystallinity is lost, and the material eventually undergoes swelling by several percent. The structure of the fully damaged, metamict state appears to be an aperiodic, random network of corner-sharing polyhedra, resembling that of glass, but in a different thermodynamic state than nonirradiated glass. (For example, when silica glass is irradiated, it undergoes a volume contraction of about 3% to form what has been called the "compacted state of vitreous silica," which is quite different from nonirradiated silica glass.) In forming the metamict structure the longrange order is destroyed, but the short-range order and the primary coordinations of the cations are essentially preserved. (Recent evidence from XANES indicates that the coordination number of titanium in zirconolite changes from predominantly six to predominantly five as the minerals become metamict (FARGES, 1997) .)
If more than one phase is present, adjacent grains may swell at different rates because of different solid state characteristics and/or different plutonium concentrations; this is termed differential swelling. If a particular phase has a noncubic crystal structure, it can swell anisotropically. Differential and anisotropic swelling have been found to cause grain separation or microcracking in some ceramics. The tendency to form microcracks can be countered by the choice of single-phase or nearly single-phase ceramics having cubic crystal structures to minimize both anisotropic and differential swelling, and/or by keeping the grain size small (of the order of one micrometer or less), thus limiting the magnitude of the swelling-produced stresses. In the present case, the cubic mineral pyrochlore has been selected to dominate the ceramic, and the grain size can be limited to some extent by choice of appropriate sintering conditions.
Radiation Damage Experiments
A considerable body of experimental work has been reported in the literature concerning the effects of radiation on ceramics in general, and on the particular phases of interest for the plutonium immobilization ceramic. Radiation effects on ceramics in general have been reviewed (CLINARD, 1986a; HOBBS, 1994) . Radiation effects on nuclear waste forms, including most of the phases of current interest, were reviewed recently by Ewing, Weber, and Clinard (EWING, 1995) . Pertinent references from these reviews that apply to the candidate ceramic are cited below.
Because it is desirable to predict the behavior of the ceramic for long times on the basis of relatively short-term laboratory experiments, radiation damage researchers make use of methods that will increase the damage rate several orders of magnitude over what will occur in the actual waste form. This raises the question of whether such experiments constitute accurate simulations, i.e., whether there is a significant damage rate effect. This question has been examined by several researchers for each phase of interest, since their annealing rates differ. For pyrochlore and zirconolite, the annealing rates have been found to be very slow, but measurable using samples in the billion-year age range (LUMPKIN, 1995) .
The type of radiation used in the experiments is also important. The most accurate simulation of the effects of internal alpha decay of plutonium is made by the method of actinide doping, in which a shorter half-life actinide, usually 238 Pu (87.7 years) or 244 Cm (18.1 years), is incorporated into the samples by ionic substitution when they are initially fabricated. Other approaches have included ion bombardment, which is suitable only for samples thinner than a few tens of nanometers, but is nevertheless useful for determining the progress of metamictization, and neutron irradiation, which produces a different physical distribution of displacements (particularly in polyphase ceramics) and a different recoil energy spectrum from internal alpha decay of dissolved actinides, but is capable of uniformly irradiating thick samples.
Selected radiation damage experiments are discussed below for each crystalline phase of interest. The observed phenomena have included the state of order of the material, microstructure, lattice parameter changes resulting from internal stress, volume expansion or swelling, stored energy, microcracking, fracture toughness, hardness, annealing behavior and dissolution or leaching. This brief review focuses on those properties of importance for the plutonium immobilization application, principally metamictization, swelling, microcracking, dissolution, and leaching.
Natural Analog Mineral Studies
One of the major advantages of the use of ceramics for immobilizing plutonium is that it is possible to select ceramic phases that have very high chemical durability, as evidenced by the fact that they are found in nature as minerals that have successfully retained uranium and/or thorium for times of the order of billions of years, even though the minerals have been rendered metamict by the alpha decay of these elements and their progeny . The ages can be determined by radioactive dating. The ages determined by different methods can also be compared to see if they are concordant, and thus whether the various members of the radioactive decay chains have been retained in the material. In addition, the samples can be characterized by a range of techniques to determine whether geochemical alteration has occurred.
Because of the much longer half-lives of the uranium and thorium isotopes found in naturally occurring minerals than the plutonium halflives given above, the dose rates in natural samples are orders of magnitude lower than in the plutonium immobilization ceramic. The significance of this depends again on the rate of annealing for a particular mineral phase. As noted above, the major phases of interest exhibit extremely slow annealing, which tends to make the damage process independent of the damage rate. In any case, by the use of natural mineral studies in combination with laboratory radiation damage experiments, the anticipated dose rate for the plutonium immobilization ceramic can be bracketed.
Another point that should be mentioned is that the chemical compositions of natural minerals having the crystal structures of interest in some cases may differ substantially from those of the corresponding phases in the planned ceramic for plutonium immobilization. However, the radiation damage behavior for minerals with a given crystal structure has been found to be similar for the range of composition variations found to occur.
A final issue of importance is that the chemical and thermal environments experienced by the natural minerals over their lifetimes are not known in detail, and must be inferred from their geologic milieu and from what can be learned by examining them. Nevertheless, natural analog minerals have provided valuable insights into the long-term behavior of crystalline materials subjected to radiation damage. This type of information is not available for proposed immobilization forms that are not found as actinide hosts in nature.
Consideration of Individual Mineral Phases
Pyrochlore Wald, Weber et al. (WALD, 1982; 1984; WEBER, 1985; ) studied the effects of internal alpha decay on 3 wt. % 244 Cm-doped Gd 2 Ti 2 O 7 pyrochlore. The material was made by cold-pressing and sintering at 1400 o C for 46 hours, and had a porosity of 14.2%. The grain size was not reported. The pyrochlore became fully amorphous at a dose of 1.7 to 1.9 x 10 25 alpha decays/m 3 (2.9 to 3.2 x 10 18 alpha decays per gram) at an estimated storage temperature of 50 o C. It underwent bulk swelling, exponentially approaching a saturation value of 5.1 volume %. It reached 1-(1/e) of this saturation value at a dose of 9 x 10 24 alpha decays per m 3 (1.5 x 10 18 alpha decays per gram). For material made with a porosity of 9.5%, the swelling saturated at 5.6%. No significant microcracking was observed as a result of the swelling and amorphization up to a dose of 2.3 x 10 25 alpha decays per m 3 (3.7 x 10 18 alpha decays per gram).
Wald and Weber measured the effects of alpha decay on the dissolution kinetics of the pyrochlore in distilled water at 90 o C for 14 days, by comparing the behavior of fully damaged material having an accumulated dose of 2.9 x 10 25 alpha decays per m 3 (or 4.7 x 10 18 alpha decay per gram) to that of material that had been fully damaged and then annealed back to the crystalline state by heating to 1100 o C for 12 hours. As can be seen, the overall weight loss of the amorphous sample, though still small, was a factor of 2.5 larger than that of the crystalline sample. Because the Ti concentration in the leachate was found to be below the detection limit in both cases, it appears that either titanium was solubilitylimited or that the titanium oxide framework resisted dissolution, and continued to do so after amorphization. This is consistent with the extremely low solubility of TiO 2 in water. The results for the non-TiO 2 -framework species Cm and Pu, on the other hand, show increases by factors of 17 and 49, respectively, indicating that they were not as tightly bound or as well protected from leaching in the case of the amorphous material. Their concentrations are also consistent with the fact that their solubilities under the prevailing pH and redox conditions, although low, are not as limited as that of titanium. The observation that the Pu exhibited a larger increase in release than the Cm is probably related to the fact that much of it was born as recoil nuclei from alpha decay after the ceramic was made, and was thus injected into the material in a highly irreversible fashion, ending up in positions in the amorphous sample that were likely less tightly bound than those it occupied in the annealed, crystalline sample after solid-state diffusion took place. This same rationale has been applied to explain the leaching results for natural minerals, which show that the isotopes of U and Th that result from alpha decay exhibit higher releases than corresponding isotopes of the same elements that were present when the minerals formed (EYAL, 1982) .
Clinard et al. studied the behavior of " 238 Pu-substituted zirconolite," which in fact has the cubic structure of pyrochlore (CLINARD, 1984b; 1991; FOLTYN, 1985) . They fabricated the material by coldpressing and sintering for 16 to 24 hours at temperatures of 1350 to 1400 o C. The grain sizes were 10 to 20 micrometers, and the porosity was 7 to 10%. The volume fraction of minor phases was 5 to 12%. They found that the material, when stored under ambient conditions at about 75 o C, became metamict and swelled to a saturation value of 5.4 bulk volume% at a dose of 2 to 3 x 10 25 alpha decays per m 3 (3 to 5 x 10 18 alpha decays per gram). No radiation-induced microcracking was observed. When stored at 300 o C the material swelled more slowly, and the swelling saturated at 4.3%. When stored at 600 o C the material remained crystalline and swelled only 0.4%. No leach testing was performed on this material, but it is significant to note that the saturation value of the swelling at the ambient storage temperature was equal to that of the Cm-doped Gd 2 Ti 2 O 7 pyrochlore studied by Weber et al., i.e. 5.4 compared to 5.1 to 5.6%. This suggests that the radiation damage behavior of pyrochlore is not very sensitive to its chemical composition, at least for the compositions used.
Natural pyrochlore mineral samples have received extensive study, particularly by Lumpkin, Greegor, Ewing, and co-workers (GREEGOR, 1985a; 1985b; LUMPKIN, 1980; 1986d; 1988a; 1988b; 1994; . Lumpkin and Ewing analyzed alpha-decay damage in pyrochlores having a wide range of chemical compositions, from 15 locations, with ages ranging up to 1.4 billion years. They also studied geochemical alteration of large numbers of samples from a variety of locations classified in the pyrochlore, microlite, and betafite subgroups of the pyrochlore group, with ages up to 1.3 billion years. They found that the mean life for an alpha recoil damage track in crystalline pyrochlore material is limited by annealing to about 100 million years at ambient geologic temperatures. This, together with their high actinide contents, accounts for the observation that most natural actinide-bearing pyrochlore minerals are found in the metamict state.
The pyrochlore phase in the Pu immobilization ceramic is most similar to natural minerals of the betafite subgroup (MAZZI, 1983) . As noted earlier, the pyrochlore minerals have a cubic crystal structure and the general formula A 2 B 2 X 7 , where A represents large cations, B consists of small cations, and X represents anions. The betafite subgroup is high in Ti, with 2Ti being greater than or equal to Nb + Ta for the B-site cation population.
Lumpkin and Ewing examined betafite pyrochlores from nine locations, all of which were metamict, having received doses of more than 3 x 10 20 alpha decays per gram. Some of them had ages of 550 million and 1 billion years. Minerals of the betafite subgroup were found to have undergone some secondary alteration, apparently by relatively low temperature and relatively acidic groundwater having low activities of Na, Ca, and F. Although the precise conditions of alteration could not be determined, the observed secondary phases and host-rock alteration were judged to be consistent with near-surface weathering processes at temperatures <100 o , resulting in increased concentrations of Fe, Sr, Ba, K, and Al in the minerals. The first stage of these processes was found to involve hydration and leaching of F, Na, Ca, and O from the minerals, but the U and Th contents remained relatively constant.
For material that had undergone more extreme leaching, the betafite had altered to liandratite + rutile + uranpyrochlore. (Both liandratite and uranpyrochlore are uranium-containing minerals.) In these cases some uranium was lost. They found, however, that the least mobile A-site cations were the 3+ oxidation-state lanthanide rare earth elements, Th 4+ , and U 4+ , and that the rate of ion exchange exceeded the total dissolution rate, governed primarily by the stability of the octahedral framework when occupied by Nb, Ta, and Ti.
Lumpkin and Ewing concluded that actinides were effectively retained by microlite, pyrochlore, and most betafite subgroup samples for geological time periods up to 1.4 billion years. It is significant to note that their results again point to the importance of the Ti-containing framework in resisting dissolution, even after the crystal structure has been rendered amorphous, as was suggested by the experiments of Weber et al. on synthetic pyrochlore.
Zirconolite
Zirconolite is the principal actinide host phase of the high-level waste ceramics Synroc B, Synroc C, and Synroc D, (RINGWOOD, 1988; RYERSON, 1983) and has thus been the subject of considerable radiation-damage study ( VAN KONYNENBURG, 1983; RINGWOOD, 1988; REEVE, 1991; SMITH, 1993; JOSTSONS, 1994) . Wald et al. (WALD, 1982) performed radiation damage studies on 3 wt. % 244 Cm-doped CaZrTi 2 O 7 zirconolite. The material was made by coldpressing and sintering at 1325 o C for 40 hours. The porosity was 10.4%. The grain size was not reported. The swelling was observed by x-ray diffraction to be anisotropic, and it saturated at 6.0 bulk volume %, reaching (1-1/e) of this value at a dose of 1.0 x 10 25 alpha decays per m 3 (2.5 x 10 1 8 alpha decays per gram). Material with a lower porosity (5.2%) swelled to a saturation value of 6.5%. The material was fully metamict at a dose of 2.1 to 2.3 x 10 25 alpha decays per m 3 (5.2 to 5.7 x 10 18 alpha decays per gram). No microcracking was observed, in spite of the anisotropic swelling. This may have been the result of small grain size, but this cannot be confirmed, since the grain size was not specified for the samples examined for microcracking. Dissolution testing was performed for 14 days in 90 o C distilled water, as for pyrochlore. A comparison of the results for fully amorphous zirconolite and for material that was made fully amorphous and then annealed at 1100 o C for 12 hours to restore its crystallinity is reproduced as follows: As for pyrochlore, the overall weight loss increased by a factor of 2.5 as a result of the alpha decay. Ca release increased by a factor of 8.3, and Pu by a factor of 11. The concentration of Cm in the solution was believed to be solubility-limited in the pH range of these experiments. Again, the Ti concentration in solution was below the limit of detection, owing to its low solubility. As for pyrochlore, it appears that the titanium oxide framework maintained its chemical durability even after amorphization, while the nonnetwork elements, in this case the Ca and Pu, became more leachable. Also as for the pyrochlore work, it should be noted that much of the 240 P u resulted from alpha decays that occurred after the ceramic was formed, and thus was probably injected into less well bound configurations in the amorphous sample, making it more leachable. Clinard et al. fabricated a zirconolite-based ceramic containing 5 mole % 238 PuO 2 for radiation damage study (CLINARD, 1984a) . This material was cold-pressed and sintered for 24 hours at 1350 o C. It was found to consist of a monoclinic zirconolite matrix containing 20 vol. % pyrochlore, 7 vol. % rutile, and a lesser amount of an unidentified, Pu-bearing, low-Ca phase. The porosity was 9 %. and the grain size was about 10 micrometers. The concentration of Pu was about twice as high in the pyrochlore as in the zirconolite. The zirconolite was saturated with Pu, at about 0.15 moles per formula unit.
The material was observed to become x-ray amorphous in 500 days, at a dose of 1.3 x 10 25 alpha decays per m 3 (3.0 x 10 18 alpha decays per gram). The swelling saturated at 5.5% at 800 days, corresponding to a dose of 2.1 x 10 25 alpha decays per m 3 (4.8 x 10 18 alpha decays per gram). This material exhibited microcracking, beginning at 128 days, observed to be generalized at 202 days, and reaching its maximum at 364 days. After this time, little change occurred in the crack pattern. The samples maintained their macroscopic mechanical integrity, and did not disintegrate into powder. No leach testing was performed.
The metamictization and swelling behavior of this material is seen to be fairly similar to that observed by Wald et al. for the Cm-doped material. However, the presence of significant microcracking is an important difference. Clinard et al. explained this observation in terms of the differential swelling between the zirconolite and the pyrochlore, which sweled faster than the zirconolite because of its higher Pu concentration. Eventually, the swelling of the pyrochlore began to saturate, and the zirconolite swelling caught up, because they were approaching approximately the same saturation value of swelling, thus reducing the stresses and halting the cracking. The cracking that resulted from differential swelling in this material was no doubt exacerbated by the large grain size and by the fact that the faster swelling phase was surrounded by the slower swelling matrix phase, thus setting up a condition that maximized tensile stresses in the zirconolite. It is well known that brittle materials in general are weaker in tension than in compression.
Hough and Marples also performed actinide doping experiments on zirconolite, using 4 wt. % 244 Cm or up to 10.4 wt. % 238 Pu, and observed saturation of swelling at 4 to 7% at doses of 5-10 x 10 18 alpha decays per gram at 25 o C with no microcracking. Their material is believed to have been of finer grain size than that of Clinard et al.
Ion bombardment experiments have also been performed on zirconolite (KARIORIS, 1982; WEBER, 1992; WHITE, 1995; SMITH, 1996) . They have assisted in determining the dose at which metamictization occurs, and are essentially consistent with the actinide doping studies.
Natural samples of zirconolite are relatively rare, but nevertheless several have been characterized (OVERSBY, 1981; SINCLAIR, 1981; EWING, 1983; LUMPKIN, 1986c; 1994; HART, 1996) . Lumpkin et al. found that the mean lifetime of a recoil damage track in crystalline zirconolite is about a factor of two to five longer than in pyrochlore. The transition to the metamict state occurs at doses of 10 18 to 10 19 alpha decays per gram. For metamict samples of ages up to 550 million years, the products of the decay of uranium and thorium to lead were generally retained, within the precision of mass spectrometric measurements (OVERSBY, 1981) . The oldest known metamict natural zirconolite (2.5 billion years old) showed evidence of aqueous alteration, but it retained zirconium, thorium, uranium, and the lanthanide rare earth elements.
Brannerite Brannerite "occurs chiefly as a primary mineral in pegmatites or as a detrital mineral derived from pegmatites or vein deposits. It has been found in the United States in placer deposits in Custer County, Idaho; at the California mine, Chaffee County and in Gilpin County, Colorado; and in Mono, Plumas, and San Bernardino counties, California. It also occurs in the Blind River district, Ontario, Canada; in the Vosges, France; near Fuenteovejuna, Cordoba, Spain; at Bou-Azzer, Morocco, and at several places in South Australia (ROBERTS, 1974) ."
Ore deposits containing brannerite have been described (HEINRICH, 1958) . Chemical analysis shows the presence of Ca, Fe, Th, and lanthanide rare earths as well as other minor constituents, in addition to the major elements U and Ti (HEWETT, 1957) . Specimens from three locations were found to be essentially metamict, but some showed a few weak x-ray diffraction lines (PABST, 1954) . Examination of the surface of some of the specimens revealed a fine-grained, polycrystalline crust of anatase that converted to rutile upon heating. Synthesis of brannerite has been described (PATCHETT, 1960; KAIMAN, 1961; LEJUS, 1966) . I am not aware of any radiation-damage studies that have been performed on this mineral, or of detailed studies of natural samples.
Perovskite Perovskite is one of the main phases in Synroc B, C, and D. Actinide doping studies at Harwell have shown metamictization at a dose of 4.2 x 10 18 alpha decays per gram and a saturation swelling at high doses of 16 %. There is disagreement in the literature about the relative doses required to amorphize perovskite and zirconolite. There is some evidence that damage in natural perovskite anneals more rapidly than that in zirconolite. Since this mineral is not designed to be present in the current formulation, a detailed discussion of its radiation damage behavior is not presented.
Plutonium Oxide Plutonium oxide does not become metamict under irradiation, but it swells to a saturation value of about 1% because of stored radiationproduced defects (TURCOTTE, 1972; WEBER, 1984) .
Projection of Radiation Effects in Plutonium Immobilization Ceramic
It seems clear from the above that if stored at temperatures near ambient, the major phases in plutonium immobilization ceramic will become fully amorphous in less than 1,000 years. If the ceramic is placed in a repository in which the temperature during a significant part of this period is elevated to as much as 250 o C, which is the approximate maximum currently under discussion, the time required to achieve complete amorphization can be expected to increase somewhat, but it will still occur well before 10,000 years.
If the ceramic is not tightly confined, it will undergo swelling as a result of radiation damage. If sufficient external space is available, it will probably swell by about 5.5 to 6%. If it is tightly confined, the swelling will likely be absorbed by the porosity, because ceramics are capable of plastic deformation at low strain rates, and the continuing alpha decay will enhance atomic rearrangement.
It cannot be completely guaranteed that microcracking will not occur, but it is likely to be insignificant, for three reasons: (1) the candidate ceramic is dominated by a single phase, minimizing problems of differential swelling; (2) the dominant phase is pyrochlore, which has a cubic crystal structure and therefore swells isotropically, minimizing stresses resulting from anisotropic swelling; and (3) the fabrication process can be tailored to some degree to minimize the grain size, which minimizes stresses resulting from both differential and anisotropic swelling.
As the plutonium transmutes to uranium, it will be accommodated in the ceramic, because the 4+ ions of these two species are similar in ionic radius. The helium resulting from alpha decay will be trapped in vacancies or in microvoids and much of it will probably remain there over geologic time periods.
When water eventually contacts the ceramic after it has been converted to the amorphous state, there will likely be leaching of nonnetwork ions (Ca, U, Gd, and Pu, in the order of decreasing leachability) from a very thin layer near the surface. As these ions are leached out, the residual titanium-oxygen network will transform into a protective layer of polycrystalline titanium oxide (anatase form) on the surface. When this layer is in place, it will reduce the rate of loss of non-network ions to very small values, limited by the very low solubility of titanium oxide in water. For example, the solubility of the rutile form of titanium oxide at room temperature and pH between pH9 and pH10 has been measured at 10 -9 molal (ZIEMNIAK, 1993) . The very low solubility of hafnium will also support this protective action.
The existence of natural mineral samples of the same phases that have been selected for the candidate ceramic, that are fully metamict and that have achieved ages in the billion-year range while substantially retaining their actinides is strong testimony of the long-term durability of the candidate ceramic.
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